The Beaver Bay Complex (BBC) is a hypabyssal, multiple-intrusive igneous complex exposed over a 600 km 2 area in northeastern Minnesota. It was emplaced into comagmatic volcanic rocks at 1.1 Ga during the development of the Midcontinent Rift System. Thirteen intrusive units have been identified that represent a minimum of six major intrusive events. With the exception of a body of granophyre, most intrusions were formed from gabbroic to dioritic parental magmas with successive intrusions generally involving less evolved compositions. Compositional variations within intrusive units developed as a result of in situ magmatic differentiation, assimilation of footwall rocks, and composite intrusions of evolved magma from deeper staging chambers. Over the exposed extent of the BBC, intrusion shapes appear to have been controlled by a shallow crustal ridge that trends northwesterly across the BBC. The focus of emplacement appears to have migrated toward the rift axis and toward higher stratigraphic levels with time perhaps reflecting plate drift and thickening of the volcanic pile. In the larger context of the Midcontinent Rift System, geologic, geochronologic, geophysical, and geochemical data consistently indicate that the BBC, particularly the youngest Beaver River diabase dike and sheet network, acted as a magma conduit and structural boundary to the development and infilling of the western end of the Portage Lake Volcanic basin during the main stage of rift volcanism and graben formation.
INTRODUCTION
The intrusive mafic igneous rocks that form pronounced highlands in the area around the North Shore community of Beaver Bay were recognized by the earliest geologic studies of northeastern Minnesota, being termed the Beaver Bay Group by Irving (1883) and the Beaver Bay Diabase by Winchell (1899) . The unique occurrence of large blocks of nearly pure anorthosite as xenoliths in some of the diabase intrusions has generated a continuing interest in these rocks (Lawson, 1893; Grout and Schwartz, 1939; Morrison et al., 1983) , not all of it scientific in nature. About 1906, a fledgling abrasives company developed a short-lived quarry, crushing, and transport facility in the area to extract the anorthosite, mistaking it for corundum. Despite this setback, the company, Minnesota Mining and Manufacturing (3M), survived.
The term "Beaver Bay Complex" was used by Grout and Schwartz (1939) to include intrusive rocks extending some 20 km inland from shoreline exposures between Split Rock Point and Little Marais (Fig. 1A and Fig. 3 , in a following section). Although various "facies" of intermediate to mafic intrusive rock were recognized by Grout and Schwartz, all were classified as diabase. Only anorthosite inclusions and granophyre bodies (red rock) were distinguished as distinctive units of the Beaver Bay Complex (BBC) . The boundary between the BBC "diabase" and deeper seated Duluth Complex "gabbros", though obscured by thick glacial debris, was thought to be transitional. The multiple-intrusive nature of the BBC was first doc-umented by Gehman (1957) with his detailed mapping and petrologic study of the area between Split Rock Point and Beaver Bay, although more recent studies (Miller, 1988; Shank, 1989) have revised his interpretations (see following discussion). Another detailed mapping and petrologic study of a 25 km 2 area north of Finland by Stevenson (1974) delineated several more intrusive units of the BBC, including a well-differentiated mafic layered intrusion. A detailed mapping study of a small part of the BBC grew out of site preparation for the Milepost 7 tailings basin, which was constructed for the taconite milling operation near Silver Bay (Green, 1982b) . With the exception of these few areas, however, the detailed geology and petrogenesis of the BBC was, until recently, poorly understood.
In 1993, the Minnesota Geological Survey completed an eight-year program to map the bedrock geology of the Beaver Bay Complex at a 1:24,000 scale and to characterize its transition into the Duluth Complex. The project was funded in part through the U.S. Geological Survey's COGEOMAP program. All or parts of eleven 7.5 minute quadrangles, covering over 900 square kilometers, were mapped and some 2,100 hand samples collected. Studies of these handsamples have included petrographic observations of over 1,500 thin sections, electron microprobe analysis of about 250 samples producing more than 3,500 individual analyses, more than 230 whole rock analyses, and about 250 specific gravity and magnetic susceptibility measurements. Five geologic maps have been produced from the project (Miller, 1988; Miller et al., 1989 Miller et al., , 1993 Miller et al., , 1994 Boerboom and Miller, 1994) . This chapter summarizes the general geology and petrology of the BBC based on the results of this mapping and related studies. We will show the BBC to be composed of at least 13 major intrusive units that demonstrate various styles of emplacement, a broad range of parental magma compositions, and unique crystallization histories. In the larger tectonic context of the Midcontinent Rift System, we conclude that the creation of the BBC was closely associated with graben formation and active volcanism characteristic of the main phase of rifting.
REGIONAL SETTING
The intrusive and volcanic geology of northeastern Minnesota represents the northwestern flank of the Middle Proterozoic Midcontinent Rift System (MRS, Fig. 1 ). The MRS is exposed only in the Lake Superior region but can be traced by its gravity and magnetic anomaly pattern along an arcuate path from Kansas to the Lower Peninsula of Michigan (Fig. 1B) . In general, the MRS is composed of a lower sequence of predominantly flood basalts and related intrusions and an upper red bed sequence of largely fluvial sediment, which together have been broadly folded into asymmetric basins due to syndepositional downwarping and late contractional deformation. Recent seismic profiles across Lake Superior reveal basalt flow thicknesses as great as 20 km in some axial portions of the rift (Cannon et al., 1989) . The large volume of lava calculated to have infilled the rift has led to the conclusion that the source of the magmatism, and perhaps the tectonism, was a mantle plume (Hutchinson et al., 1990; Cannon and Hinze, 1992) . The effect of contemporaneous Grenvillian orogenesis on the tectonic evolution of the MRS is debatable, though most would agree that Grenvillian deformation was the likely cause of late reversed motion evident on many originally graben-bounding faults (Fig. 1B) . Over most of the MRS, this late tectonism resulted in the creation of a central horst of volcanic rock flanked by deep sedimentary basins.
The Middle Proterozoic geology of northeastern Minnesota is unique relative to other parts of the MRS because of the predominance of intrusive rocks over volcanic rocks. Except for the Lake Superior shoreline, which is composed of 6-8 km of largely basalt flows (Green, 1972) , most of northeastern Minnesota (~60%) is apparently underlain by intrusive igneous rocks (Fig. 1A) . The bulk of these are troctolitic, gabbroic, anorthositic, and granitic rocks comprising the multiple intrusions of the crescent-shaped Duluth Complex (Weiblen and Morey, 1980; Miller and Weiblen, 1990) . Most Duluth Complex intrusions were emplaced in the vicinity of the unconformity between the pre-rift basement of Early Proterozoic and Archean rocks and the early rift basalt flows. A significant volume of magma also was emplaced at medial levels of the volcanic edifice with the greatest concentration of these intrusions forming the Beaver Bay Complex. Gravity, aeromagnetic, and seismic data over northeastern Minnesota indicate that the mafic intrusive rocks evident at the surface are deeply rooted to depths of at least 10 km (Ferderer, 1982; Chandler, 1990) .
Recent high precision U-Pb dating of zircons from intrusive rocks of northeastern Minnesota (Paces and Miller, 1993) indicate prolonged and episodic intrusive activity between 1,107 and 1,096 Ma, roughly half the period of overall magmatic activity of the MRS (1,109-1,086 Ma). The earliest intrusive activity is indicated by an 1,106.9 ± 0.6 Ma age for reversely polarized, layered gabbros along the northern tier of the Duluth Complex (early gabbroic cumulates, Fig. 1A ). However, four ages between 1,099.3 ± 0.3 and 1,098.6 ± 0.5 of samples representing the main troctolitic and anorthositic series of the Duluth Complex indicate that the bulk of the complex was emplaced after an 8-m.y. hiatus. Two samples from the BBC give indistinguishable ages of 1,096.1 ± 0.8 Ma and 1,095.8 ± 1.2 Ma. The slightly older age is from the Sonju Lake intrusion and the younger age is from a Silver Bay intrusion (see following discussion). The later age represents the youngest recognized intrusive component of the BBC. However, the onset of BBC magmatism and its coevality relative to the Duluth Complex is unknown because attempts to date the oldest intrusive phases of the BBC have been unsuccessful (Paces and Miller, 1993) .
GEOLOGY OF THE BEAVER BAY COMPLEX
Recent geological mapping reveals that the historical definition of the Beaver Bay Complex (Grout and Schwartz, 1939) must be expanded to at least include all intrusive igneous rocks exposed in the arcuate area extending from the lakeshore between Split Rock Point and Grand Marais and inland as much as 20 km (Fig. 1A) . The northwest boundary of the BBC is taken to generally correspond to the northwestern margin of Houghtaling Creek troctolite with its associated flanking intrusions (Wilson Lake ferrogabbro, Dam Five Lake gabbronorite; see Fig. 4 ). The troctolite is a 2-to 3-km-wide, northeast-trending, keel-shaped intrusion that is easily recognizable in outcrop, has a large exposure area, and has a distinctive, easily traceable aeromagnetic signature (Fig. 2) . In contrast to the dikes and thin sheeted bodies of typically non-cumulate gabbroic rocks that characterize much of the BBC, the predominant rock types to the northwest of the Houghtaling Creek troctolite are structurally complex, coarse-grained gabbroic anorthosite cumulates, homogeneous granophyric granite, and volcanic rocks that are strongly hornfelsed and brecciated by variably contaminated mafic intrusions. This assemblage is typical of the roof zone of the Duluth Complex elsewhere (Weiblen and Morey, 1980) . Aeromagnetic data and reconnaissance mapping indicate an extensive belt of subvolcanic intrusions extends to the northeast and southwest of what is herein defined as the BBC (Fig. 1A) . Beyond the western limit of outcrop, which runs approximately north-northeast from Split Rock Point (Figs. 3,  4) , interpretations of aeromagnetic anomalies (Fig. 2) and limited drill core suggest the presence of a large, nested, multipleintrusive layered complex, informally termed the Cloquet Lake layered series (Chandler, 1990; Meints et al., 1993) . The aeromagnetic anomaly pattern of the Houghtaling Creek troctolite seems to merge into the lower part of the layered series (Fig. 2) suggesting a cogenetic relationship. Although this layered complex can be considered a southwestern extension of the BBC, for all practical purposes, the western boundary of the BBC is the limit of exposure. Beyond its easternmost extent of outcrop, the aeromagnetic anomaly associated with the Houghtaling Creek troctolite suggests that the dike pinches out and intersects intrusions trending in a more northerly direction (Fig. 2) . These latter intrusions appear to emanate from a more sharply curved mass of hypabyssal sheets and thicker layered bodies that are well exposed in the vicinity of Sawbill and Brule Lakes Figure 2 . Gray-scale image of the first vertical derivative (reduced to pole for Keweenawan remanance) of aeromagnetic data (Chandler, 1983) and contoured Bouger gravity data (Ikola, 1970) over the Beaver Bay Complex. Dashed lines are Bouger gravity contours from Ikola (1970) . Coverage of geologic maps (Figs. 3 to 5) are outlined and some geologic features referenced in the text are denoted: HCT, Houghtaling Creek troctolite; FTMD, Finland tectono-magmatic discontinuity; CLLS, Cloquet Lake Layered Series. Figure 3 . Geology of the southern Beaver Bay Complex. Generalized and slightly modified from 1:24,000 scale geologic maps of the Silver Bay and Split Rock Point NE 7.5 minute quadrangles (Miller, 1988) , the Illgen City quadrangle (Miller et al., 1989) , the Finland and Doyle Lake quadrangles , and unpublished data from the Little Marais quadrangle. (Green, 1982a; Burnell, 1976) . Although more study of this northern complex is necessary to compare its composition, intrusive setting, and age of emplacement to the BBC, its geometry and location are sufficiently different to warrant its distinction as a separate intrusive suite.
Within the exposed area of the BBC as defined above, thirteen major intrusive map units have been distinguished which represent a minimum of six distinct intrusive events. This numerical disparity reflects the composite nature of most intrusive units and the uncertain correlation of units over the extensive area of BBC exposure. Because of this uncertainty, it is useful to discuss the exposed geology of the BBC in terms of three areas-southern, northern, and eastern. The southern BBC is contained within the triangular area enclosed by the western extent of exposure, the shoreline extending northeast from Split Rock Point, and a northern limit at about 47°30' latitude (Fig. 3) . This area includes the Split Rock Point NE, Silver Bay, Illgen City, Doyle Lake, Finland, and Little Marias 7.5-minute quadrangles. The northern BBC extends north of 47°30' to the Houghtaling troctolite and is bounded to the east and west by the limit of exposure (Fig. 4) . This area is covered by the Cabin Lake, Cramer, Silver Island Lake, Wilson Lake, and Toohey Lake 7.5-minute quadrangles. The eastern BBC corresponds to nearshore exposures between Schroeder and Grand Marais and extends inland about 10 km (Fig. 5) . Before giving a description of BBC intrusive units in these three areas, we will first describe the geology of the volcanic rocks into which they were emplaced.
North Shore Volcanic Group
Basalt, minor felsic flows, and thin interflow sedimentary rocks are exposed along nearly the entire length of Minnesota's north shore of Lake Superior to a cumulative thickness of 7-10 km (Green, 1972) and are collectively termed the North Shore Volcanic Group (NSVG). In detail, the NSVG can be broken down into formational groupings of distinctive compo- Figure 4 . Geology of the northern Beaver Bay Complex. Generalized from 1:24,000 scale geologic maps of the Cabin Lake and Cramer 7.5 minute quadrangles and the Silver Island Lake, Wilson Lake, and Toohey Lake 7.5 minute quadrangles . Figure 5 . Geology of the eastern Beaver Bay Complex. Modified from 1:250,000 scale geologic map of the Two Harbors 1°× 2°quadrangle (Green, 1982a) . Dashed lines indicate the projection of aeromagnetic anomalies, apparently associated with the Beaver River diabase, in areas of no exposure.
sitions and physical attributes. The lava sequence exposed between Split Rock Point and Grand Marais is the statigraphically highest part of the NSVG and measures about 3-3.5 km thick. In increasing stratigraphic order, the following informal volcanic sequences have been recognized by Green (1972 Green ( , 1992 progressing northeast from Split Rock Point to the top of the sequence at Tofte.
• Gooseberry River basalts. Mix of ophitic olivine tholeiitic basalts and transitional basalts; includes a rhyolite flow and a strongly plagioclase porphyritic basalt flow.
• Baptism River lavas. Mixed basaltic lavas bounded below by an aphyric rhyolite (Silver Beaver felsite) and above by a thick porphyritic rhyolite (Palisade Head rhyolite; Green and Fitz, 1993 The lavas underlying the Schroeder-Lutsen basalts to the northeast of Tofte toward Grand Marais (Fig. 2 ) are andesitic and felsic (Good Harbor Bay andesite and Grand Marias rhyolite) and do not obviously correlate with the Bell Harbor lavas. The northeastern exposure of the base of the Schroeder-Lutsen basalts (at Terrace Point) is conformable above a thick red sandstone unit, which in turn conformably overlies the andesite flow (Fig. 5) .
The regional structure of the NSVG flows defines a broad, half-saucer-shaped basin dipping gently (<20°) lakeward. From east-southeasterly dips along the southern stretch of the lakeshore, flow contacts gradually shift to become south dipping along the northern limb of the basin (Fig. 1A) . In the vicinity of the BBC, however, this regional structure is significantly disrupted (Figs. 3-5) . The cause for most of this disruption is attributable to deformation (block faulting and rotation) that accommodated the emplacement of the various BBC intrusions, particularly the dikes and sills of the Beaver River diabase. With the notable exception of the Schroeder-Lutsen basalts, all volcanic sequences noted above are intruded and deformed by the BBC. Because of this deformation, the correlation of volcanic sequences across this area is commonly difficult. Another source of deformation is from shore-parallel faults that cut volcanic and intrusive rocks alike. Local offset evidence and slickenside measurements indicate both normal and reversed oblique-slip displacement along these faults (Witthuhn, this volume; Green, 1992) . Some of this motion could be related to the late-stage contractional deformation evident throughout the rift.
Southern Beaver Bay Complex
Although being the focus of most earlier studies of the BBC, the total number and sequence of intrusions comprising the southern BBC was incompletely known prior to recent mapping (Miller, 1988; Miller et al., 1989 Miller et al., , 1993 . From oldest to youngest, five major intrusive units have been identified in the southern BBC-the Lax Lake gabbro/Blesner Lake diorite, the Finland granophyre, the Sonju Lake intrusion, the Beaver River diabase, and the Silver Bay intrusions (Fig. 3) -as well as several smaller bodies.
A complex suite of hydrothermally altered, gabbroic to monzodioritic rocks, which represent the earliest intrusions in the southern BBC, are found in two areas-one southwest of Finland (T56N, R8W), termed the Lax Lake gabbro, and another, the Blesner Lake diorite, to the northeast (T58N, R7-6W, Fig. 3 ). The nearly identical lithologies and contact relationships within the Lax Lake and Blesner Lake units suggest that they originally formed a continuous intrusive mass that was separated by younger intrusions. Because of a paucity of internal structure, it is difficult to determine the shape of this early gabbroic mass, although a shallow south-dipping lensoid sheet seems likely from its outcrop pattern and displaced volcanic rocks. The variation in rock types define a crude concentric zonation with the least evolved rock type, ophitic olivine diabase, at the margins and passing inward to intergranular gabbro, apatitic olivine ferrodiorite, ferromonzodiorite, and eventually to quartz ferromonzodiorite. In the Blesner Lake diorite, the apatitic ferrodiorite locally becomes well laminated (Fig. 3) and somewhat resembles the upper differentiates of the Sonju Lake intrusion. Locally abrupt changes in rock type and the lack of cumulate textures (save for the laminated ferrodiorite) imply that these varied lithologies resulted more from multiple injections of progressively more evolved magma than from post-emplacement differentiation. Moreover, moderate to strong hydrothermal alteration and an irregular distribution of interstitial granophyre ubiquitous in all rock types suggest that these early gabbroic intrusions were strongly contaminated by hydrothermal fluids and felsic melts generated from the water-bearing volcanic rocks into which the intrusions were emplaced.
Exposed over a 40 km 2 area in the northwestern part of the southern BBC is a distinctive, oval-shaped mass of leucogranite and quartz ferromonzodiorite, termed the Finland Radar Station granophyre , or simply the Finland granophyre. The main phase of the granophyre is a homogeneous, salmon-colored, micrographic leucogranite with abundant miarolitic cavities. To the north, this granitic phase, which contains less than 5% Fe-silicates and oxides, abruptly grades to a quartz ferromonzodiorite characterized by 5-20% prismatic, iron-rich pyroxene, amphibole, and locally olivine and 20-40% micrographic felsic matrix. Although the intrusive relationships between the Finland granophyre and the older Lax Lake gabbro along its southern margin and the younger Beaver River diabase at its eastern extent are well established by several exposures of sharp contacts, the genetic relationship of the granophyre to the Sonju Lake layered intrusion along its gradational northern boundary is more problematic. Stevenson (1974) considered the monzodioritic and granitic phases of the granophyre to be intrusive into the Sonju Lake intrusion although he cites no evidence for that interpretation. Given the parallel zonation of the two phases of the granophyre with the strike of cumulate units of the Sonju Lake intrusion ( Fig. 3 ; also see Miller et al., 1993) and generally smooth compositional variations across these units (Fig. 6B ), a comagmatic relationship resulting from crystallization differentiation could be envisioned. Such an interpretation is inconsistent, however, with the large amount of granophyre relative to the layered mafic rocks apparent from the geologic map (Fig. 3) . Modeling of gravity and aeromagnetic data across these units confirm that the volume of granophyre is at least as great as the volume of underlying mafic rocks and thus is too great to be a differentiate of the layered intrusion. Also, ongoing isotopic studies indicate that the granophyre has an isotopic composition distinct from the mafic rocks and therefore could not have evolved from them (J. Vervoort, personal communication, 1995) . A more plausible interpretation is that the mafic magma that produced the Sonju Lake intrusion underplated the lower density Finland granophyre and perhaps caused it to partially melt. Petrologic and isotopic studies are underway to determine the extent of assimilation across the mafic-felsic contact.
The Sonju Lake intrusion is the most completely differentiated mafic layered intrusion recognized in the Keweenawan magmatic system (Stevenson, 1974; Weiblen, 1982) . The intrusion is a shallow (15-30°) south-to southeast-dipping, 1,200-m-thick sheet, which has an apparent strike length of over 15 km (based on its aeromagnetic signature, Fig. 2 ) extending west from its abrupt truncation by the Beaver River diabase (Fig. 3) . Starting with a picritic diabase basal contact zone against older gabbroic rock, an upwardly differentiated sequence of cumulate rocks indicates a cumulus mineral paragenesis of Ol → Pl + Ol → Pl + Cpx + Ol → Pl + Cpx + Ox(-Ol) → Pl + Cpx + Ox + Ap + Ol. This cumulate stratigraphy displays smooth, logarithmic cryptic variations of upwardly decreasing Mg values of mafic silicates and An contents of plagioclase. These characteristics are consistent with its formation by closed-system fractional crystallization of a moderately evolved tholeiitic basaltic magma (Table 1 ). An orthogonal set of mafic-felsic hybrid dikes intruding the upper part and eastern margin of the Sonju Lake intrusion ( (Table 1) to major North Shore Volcanic Group (NSVG) lava compositions, OT, olivine tholeiite; TB, transitional basalt; A, andesite; FA, ferroandesite; I, icelandite; R, rhyolite, (after Green, 1983) . Beaver Bay Complex intrusions are shown as symbols that are listed on Table 1 . NSVG-pot is the primitive "NSVG olivine tholeiite" composition listed in Table 1 . (B) Calculated liquid line of descent of the Sonju Lake intrusion through troctolitic (slt), gabbroic (slg), and monzodiorite (slmd) intervals of the layered sequence. Also plotted are whole rock compositions of Finland granite (frg) and quartz ferromonzodiorite (frpm). (C) Whole rock composition plots of Beaver River diabase (brd, ophitic margins and coarse subophitic interiors distinguished), Silver Bay intrusions (sbi, coarse marginal facies, layered ferrogabbroic cumulate interiors, and granophyric compositions distinguished), and composite intrusions from the northern BBC (nbbc). Sonju Lake intrusion differentiation trend (dashed line) is also shown. (D) Whole rock composition plots of gabbroic (llog, llg, blpd/g, umg) , dioritic (lld, bld/ld, umd), and ferromonzodioritic (llpm, blpm, umgp) compositions from the Lax Lake gabbro, Blesner Lake diorite, and Upper Manitou River gabbro are plotted. Abbreviations correspond to map units described in Miller (1988) and Miller et al. (1993 Miller et al. ( , 1994 . Sonju Lake intrusion differentiation trend (dashed line) is also shown. the upper differentiates of the layered intrusion with mafic magma forming the adjacent Beaver River diabase.
The Beaver River diabase is the most areally extensive intrusive phase of the entire BBC and is found in contact with all other BBC units, except the Houghtaling Creek troctolite. In the southern BBC, it occurs as a series of dikes, sills, and sheets of ophitic olivine gabbro that grades into coarser and more subophitic to intergranular gabbros in the medial portions of thicker sheets. The western and northern extent of the Beaver River diabase is marked by a continuous dike (or dike set) traceable in outcrop and by its aeromagnetic signature along a 110-km-long arcuate path . Within the concavity of this bounding dike are several other large, often bifurcating dikes and several large sheets dipping gently southeast. The complex of sheets holding up table-top highlands in the southern BBC (Fig. 3 ) may be part of an originally continuous, nearly horizontal sheet that has locally been eroded through to expose volcanic rocks forming the footwall. An aphanitic mafic rock with abundant inclusions of anorthosite, granite, basalt, and felsite locally occurs at the margins of some diabase intrusions and probably represents brecciation, engulfment, and incipient assimilation attending the initial intrusion of the diabase.
The most intriguing feature of the Beaver River diabase is the presence of large (as much as several hundred meters in Green, 1972 . § Composition is a weighted average of 82 whole rock analyses through the Sonju Lake intrusion. **Average composition of 14 unaltered, primitive olivine thoeliite basalts containing less than 3 percent glass (Brannon, 1984, Table 5 .5).
diameter), rounded to angular inclusions of nearly pure anorthosite. These bodies, which locally display brecciation and recrystallization textures (Morrison et al., 1983) , are particularly common in the upper and lower margins of the larger diabase sheets. With the exception of Lawson (1893), who thought the anorthosite to be the tops of deeply rooted Archean mountains around which Keweenawan rocks had flowed, most workers recognized their xenolithic nature, although their source has been in doubt. The lack of any discernable chill of the diabase against the anorthosite suggests that the inclusions were derived from a hot (deep?) source. Grout and Schwartz (1939) believed that the anorthositic gabbros of the Duluth complex supplied the inclusions, though they noted several inconsistencies such as the coarser nature and lighter color of the inclusions. A petrographic and geochemical analysis of the inclusions by Morrison et al. (1983) suggested from rather ambiguous isotopic data that the inclusions were probably derived from an older (≤1.9 Ma) deep crustal source. X-ray diffraction analyses (Miller, 1980, unpublished data) indicates that plagioclase from the inclusions has a significantly higher state of structural disorder compared to plagioclase from the Duluth Complex anorthositic rocks, further confirming a deep crustal source to the inclusions. However, if a plagioclase crystal mush origin for Duluth Complex anorthositic rocks is correct (Miller and Weiblen, 1990 ), a corollary of such a model is that significant amounts of Keweenawan anorthosite, generated by plagioclase flotation under high pressure, should have formed in the deep crust prior to BBC magmatism at 1,096 Ma (the two dated anorthositic rocks of the Duluth Complex have 1,099 Ma ages; Paces and Miller, 1993) . Under deep crustal conditions, such plagioclase cumulates would probably be distinctive in texture and composition from their shallow crustal counterparts. Moreover, the ambiguous isotopic compositions of the inclusions may indicate that anorthosite-forming Keweenawan magmas were contaminated by older crust rather than older anorthosite being contaminated by interaction with Keweewawan magmas, as concluded by Morrison et al. (1983) . The youngest intrusions recognized in the southern BBC are a suite of small, isolated bodies of varied shape and size, collectively termed the Silver Bay intrusions. The bodies are intermediate in composition and form composite intrusions in Beaver River diabase dikes and sheets. The largest of these, located southwest of Beaver Bay (Fig. 3) , is a gently southeastdipping, concentrically zoned, lensoid body emplaced into the upper part of a thick diabase sheet. The two major zones of the body-an outer ring of coarse, vari-textured ferromonzodiorite and an inner core of strongly laminated and locally layered olivine ferrogabbro, gabbronorite, and ferromonzodioritewere interpreted by Gehman (1957) to represent two distinct intrusions. However, recent mapping (Miller, 1988) and petrologic studies (Shank,1989; Chalokwu and Miller, 1992) concluded that the outer unit is a marginal facies to the inner sequence of iron-rich cumulates. Petrologic studies of this intrusion and a smaller body near Silver Bay reveal an in situ differentiation trend toward extreme iron enrichment. In the southern BBC, six such zoned bodies and several smaller massive bodies (Fig. 3) span a considerable range of intermediate compositions suggesting that these bodies were derived from a fractionating magma chamber at various stages of differentiation. Geochemical modeling demonstrates that fractional crystallization of the Beaver River diabase could have generated the magma compositions that gave rise to the various Silver Bay intrusions, although this differentiation apparently took place at a deeper crustal level.
Several minor intrusions also comprise the southern BBC, although their temporal and comagmatic relationships to the major intrusive units are unclear. The most extensive of these is a 50-to 65-m-thick sill of fine-to medium-grained, ophitic olivine diabase that can be traced over a strike-length of at least 17 km (Fig. 3) and is informally referred to as the Victor Head diabase. Although clearly older than the Beaver River diabase that intrudes it, the Victor Head diabase is not in contact with any older units. Another small, unnamed intrusion of uncertain affinity is a fine-grained intergranular ferrodiorite that cuts the Gooseberry River basalts and the southern Lax Lake gabbro (Miller,1988; Green, 1982b) . Also, several isolated masses of micrographic and locally spherulitic leucogranite are intrusive into the Blesner Lake diorite and a Silver Bay intrusion (Fig. 3) . The former mass may represent satellite intrusions that emanate from the Finland granophyre. The Silver Bay body may have formed by localized melting of felsic volcanic rocks that locally form the footwall to the Beaver River diabase and Silver Bay intrusions.
Northern Beaver Bay Complex
Prior to recent mapping, very little was known about this part of the BBC (Green, 1982a ). Our mapping now shows that northern BBC is characterized by the convergence of intrusive units into a narrow band of northeast trending dikes (Fig. 4) . Intrusive relationships indicate five major emplacement events forming (1) Shoepack Lake inclusion-rich diorite, (2) the Cabin Creek porphyritic diorite, (3) the Upper Manitou River gabbro, (4) the Houghtaling Creek troctolite and earlier marginal intrusions, and (5) the Beaver River diabase and its composite intrusions. The intrusive activity represented by these units apparently spanned a greater time period than recognized in either the southern or eastern BBC. Except for the Beaver River diabase, correlation of intrusive units between the northern and southern BBC is not definitive. Based on relative timing and compositional similarities, it would seem that the Upper Manitou River gabbro is comagmatic with the early gabbroic intrusions to the south and that the Houghtaling Creek troctolite is perhaps correlative with the Sonju Lake intrusion. However, as discussed in the style of emplacement section below, possible interpretations of the aeromagnetic data suggest that the Houghtaling Creek may be older than the Upper Manitou River gabbro. The earlier Shoepack Lake inclusion-rich diabase and the Cabin Creek porphyritic diorite have no apparent equivalents in the southern BBC.
The earliest intrusive phase of the northern BBC is a strongly contaminated, inclusion-laden mafic rock termed the Shoepack Lake inclusion-rich diorite. Although contact relationships with other BBC rocks are obscure, this rock type is intruded by both granophyre and gabbroic anorthositic rocks of the Duluth Complex (Fig. 4) . The rock is characterized by angular inclusions of varied size and irregular shape in a black, dense aphanitic matrix. The aphanitic matrix is commonly amygdaloidal, contains various amounts of feldspar and quartz xenocrysts, and locally shows evidence of incomplete mixing with a felsic melt. Felsic volcanic rocks are the most common inclusion type, although mafic volcanics and gabbroic rocks are locally present. More significant is the occurrence of granitic gneiss, biotite schist, and amphibolite inclusions, presumably of Archean age (Boerboom, 1994) . As interpreted from similar inclusion-rich mafic rocks observed in the margins of some Beaver River diabase dikes in the southern BBC, this rock probably represents brecciation and assimilation attending the initial stages of emplacement of a mafic magma into a newly developed intrusion conduit. That this rock type is found on both sides of the Houghtaling Creek troctolite indicates that the troctolite utilized this same conduit at a later stage of BBC magmatism.
The next intrusive phase is represented by a plagioclasephyric ferrodiorite termed the Cabin Creek porphyritic diorite. It is intruded by all younger BBC intrusive phases (Fig. 4) . Subequant to tabular, labradoritic plagioclase phenocrysts as large as 4 cm across and rare cognate anorthosite inclusions comprise about 30% of the rock on average. However, some phases of this unit are aphyric and others contain as much as 50% phenocrysts. A consistently fine-grained matrix is composed of various mixtures of andesine, Fe-augite, Ti-magnetite, and a granophyric mesostasis yielding bulk compositions ranging from ferrodiorite to quartz ferromonzonite. Because of a lack of alignment of the phenocrysts or any gradations in texture, it is difficult to ascertain the exact shape of the Cabin Creek body. Its general map distribution suggests that, at least along its eastern extent, it is a thick sheet somewhat conformable with volcanic rocks. The composition and texture of plagioclase phenocrysts (An 60 average) and ferrodioritic matrix comprising the Cabin Creek porphyritic diorite are very similar to anorthositic rocks associated with the Duluth Complex on the northwestern side of the Houghtaling Creek troctolite (Fig. 4 ; Scott Creek leucogabbro, Katydid Lake gabbroic anorthosite, and Outlaw Lake gabbroic anorthosite of Boerboom and Miller, 1994) . Like the plagioclase crystal mushes that Miller and Weiblen (1990) postulated to be parental to the anorthositic rocks of the Duluth Complex, dioritic magmas charged with variable concentrations of intratelluric plagioclase were probably parental to the Cabin Creek porphyritic diorite. If it can be shown that the porphyritic diorite of the BBC and the gabbroic anorthosites of the Duluth Complex are indeed cosanguine, this may help explain a paradox of the anorthositic rocks. Miller and Weiblen (1990) noted that the calculated abundances of trapped liquid component comprising the anorthositic rocks (5-30 wt.%) are much less than what could have transported the plagioclase to its site of emplacement and therefore speculated that some of this transporting magma was expelled during or after emplacement. Perhaps the porphyritic diorite with its many aphyric facies represents such an expelled liquid.
The Upper Manitou River gabbro is a complex suite of mostly gabbroic rocks that forms a crudely orthogonal pattern of dikes and sills throughout much of the northern BBC (Fig. 4) . Except for a narrow northeast-trending dike cutting the Cabin Creek porphyritic diorite, most of the unit is intrusive into volcanic rocks dominated by rhyolitic to icelanditic lava flows. The major rock type of the Upper Manitou River gabbro is a medium-to coarse-grained, massive, ophitic to intergranular, mildly granophyric gabbro. The more ophitic phases of the gabbro are typically olivine-bearing and, in the vicinity of the Sonju Lake intrusion, the rock is actually an augite troctolite. Near contacts, the gabbro may contain as much as 30% granophyric mesostasis and be hydrothermally altered, probably resulting from assimilation of volatile-rich, felsic wall rock material. In two separate areas of the Upper Manitou River gabbro, the dominant rock type is a fine-grained ferromonzodiorite (Fig. 4) . This rock locally resembles an intermediate volcanic rock, however, its predominantly massive character, lack of granoblastic texture, and local coarsening suggest it is intrusive. Contact relationships with more gabbroic phases are unclear, but the strong differences in texture and composition between the gabbroic and monzodioritic phases suggest that they represent composite intrusions of distinct magmas. The range of rock types, lack of internal structure, and relative age of emplacement of the Upper Manitou River gabbro are characteristics consistent with its being comagmatic with the Lax Lake gabbro and Blesner Lake diorite of the southern BBC. However, in contrast to its southern counterparts, the Upper Manitou River gabbro is, on average, more gabbroic than ferromonzodioritic (Table 1, Fig. 6A, D) .
Prior to emplacement of the Houghtaling Creek troctolite, an earlier group of layered intrusions were emplaced into the same conduit first created by the Shoepack Lake inclusion-rich diorite. Although grouped together in Figure 4 , Boerboom and Miller (1994) distinguished three intrusive units: (1) the Wilson Lake ferrogabbro, a generally massive olivine gabbro in two orthogonal dikes and a small stock (within the stock the gabbro develops a cumulate texture and grades upward into granophyric ferromonzodiorite); (2) the Dam Five Lake gabbronorite, a well-layered, northeast-trending sequence of gabbronoritic to olivine gabbroic cumulates that forms most of the northwestern footwall of the Houghtaling Creek troctolite; and (3) the Four-mile Lake ferrogabbro, a strongly differentiated layered sequence of gabbro, gabbronorite, ferromonzodiorite, quartz monzodiorite, and melanogranophyre that occurs within the Houghtaling Creek troctolite. Although adjacent to one another, the different structural grain and cumulate compositions of the Wilson Lake and Dam Five Lake units suggest that they are separate intrusions. And although nearly con-formable with the Houghtaling Creek troctolite, the composition and texture of the Dam Five Lake gabbronorite does not fit with the cumulate stratigraphy and cryptic variation defined by the troctolite. Likewise, the Four-mile Lake ferrogabbro, which is situated in the axial part of the Houghtaling Creek troctolite, is too evolved to be an in situ differentiate of the troctolite. Rather the Four-mile Lake ferrogabbro may be a composite intrusion or, more likely, a detached part of either the Dam Five Lake gabbronorite or the Wilson Lake ferrogabbro.
Except for a narrow contact zone of decussate, coarsegrained olivine gabbro, the Houghtaling Creek troctolite is composed mostly of well-laminated olivine-plagioclase cumulates. A keel-shaped body is implied by igneous lamination and rare modal layering, which indicate a gently dipping, asymmetric trough near the surface (Fig. 4) , and by its aeromagnetic anomaly (Fig. 2) , which indicates a deeply rooted intrusion. Limited cryptic and modal variations occur over 300-500 m of stratigraphic section, which can be inferred from the attitude of lamination and layering across the body. Over this thickness, cumulus olivine ranges from Fo 68 near the northern margin to Fo 57 at the highest stratigraphic level and interstitial pyroxene and oxide increase in modal abundance. This is approximately the same compositional and modal variation observed in the troctolitic part of the Sonju Lake intrusion. If these two bodies evolved in a similar fashion, this would suggest that an upper gabbroic part of the Houghtaling Creek troctolite has been eroded away. Again, the narrow thickness over which the Fourmile Lake ferrogabbro is strongly differentiated is not consistent with its being the upper differentiate of the Houghtaling Creek troctolite with its broad cryptic variation. Taking the similarity of the two cumulate systems a step farther, it seems reasonable to speculate that the Houghtaling Creek troctolite represents a feeder dike to the southeast-dipping sheet of the Sonju Lake intrusion.
The youngest intrusive phase of the northern BBC is the Beaver River diabase and its composite intrusions. This unit projects north from the southern BBC as two prominent dikes that converge into one in the vicinity of Sec. 11, T59N, R6W (Fig. 4) . Although characteristically composed of ophitic olivine gabbro as observed to the south, the Beaver River diabase in the northern BBC is distinctive in two significant ways. First, it only rarely contains anorthosite inclusions. This may be due to the fact that the northern Beaver River bodies are steep-walled dikes, instead of sheets where inclusions could have settled or floated to the margins. A second noticeable difference is the multiple composite intrusions in the axial portion of the dikes, particularly the eastern branch. Composite intrusions, such as the Silver Bay intrusions, are present in the southern BBC, but these tend to be single-pulse, widely dispersed composite bodies in the upper parts of thick diabase sheets. Within the axial part of the eastern Beaver River diabase dike, however, composite intrusions extend over 15 km from the northeastern part of the southern BBC (Fig. 3) to the convergence point of the two branches and contain rocks formed by at least three major intrusive pulses. The first pulse into both branches of the dike formed the main ophitic olivine gabbro that gradually coarsens inward from a chilled margin with volcanic rocks and earlier intrusions. A second pulse created a medium-grained, intergranular olivine gabbro in all of the eastern and part of the western arms (Fig. 4) . In larger diabase sheets to the south, this intergranular phase was also commonly observed, although at this earlier stage of mapping, it was not recognized as a distinct intrusive phase of the diabase. The composite nature of the intergranular gabbro is clearly evident in the northern BBC, however, by the presence of abrupt, transgressive contacts between medium-grained intergranular olivine gabbro and medium-to fine-grained, ophitic olivine gabbro/diabase. Mineral composition changes across these contacts are as much as 25% Fo in olivine and 10% En in augite, both decreasing in the intergranular gabbro. A third pulse created a tear-drop-shaped body of massive ferromonzodiorite grading inward to a welllaminated olivine ferrodiorite in the thickened southern end of the eastern dike (Figs. 3, 4) . This phase resembles the large zoned bodies of the Silver Bay intrusions to the south (Fig. 3) . In one location (center of T58N, R6W), the ferrodiorite transgresses both the intergranular gabbro and the early ophitic gabbro. Other minor lithologies present in the eastern dike include a medium-grained ophitic gabbro with poikilitic olivine that commonly occurs between the ophitic and intergranular gabbro phases and a leucocratic olivine gabbro that occurs between the intergranular gabbro and the diorite body. These rock types may represent smaller discrete pulses of distinct composition or may be locally differentiated subfacies of the three main phases. In any case, the multiple composite nature of these intrusions is quite evident in this part of the BBC.
Eastern Beaver Bay Complex
The nearshore exposures of hypabyssal intrusive rocks extending from Tofte to Grand Marais and inland some 5-9 km have been investigated by Green (1972 Green ( , 1982a Green ( , 1992 ), but have not been mapped in the same detail as the southern and northern BBC. And although not previously grouped with the other intrusions of the BBC, aeromagnetic data (Fig. 2) demonstrate the continuity of intrusive units from the northern BBC to this area. Moreover, the rock types present in this eastern area are identical to those found in other areas of the BBC. The eastern BBC is composed of two major intrusive units-the Leveaux porphyry/Bally Creek trachybasalt and the Beaver River diabase with its trademark anorthosite inclusions (Fig. 5) . These two units were emplaced adjacent and subparallel to one another, however, chilled intrusive contacts and inclusion relationships indicate an older age for the Leveaux porphyry.
The Leveaux porphyry (Green, 1972 (Green, , 1992 occurs as a thick (50-100 m), southeast-dipping (10-20°) sill of plagioclase porphyritic ferrodiorite forming prominent cuesta-like hills above the shoreline between Tofte and Lutsen (Fig. 5) . Also, small outliers of the Leveaux porphyry form Bear and Gull Islands 3 km southwest of Schroeder. The sill is composed of an upper porphyritic and a lower aphyric facies, which grade into one another over a 1-to 3-m-thick interval (Green, 1972) . The upper porphyritic half contains as much as 40% coarse (1-2 cm) labradoritic plagioclase phenocrysts in a brown, fine-to medium-grained matrix composed of felty plagioclase, subprismatic augite, coarse Fe-Ti oxide, acicular apatite, and a 5-15% granophyre mesostasis. Locally, olivine or pigeonite is also present. The blocky to rectangular labradorite phenocrysts are typically unaltered and show subtle compositional zoning (An 63-55 ). The lower aphyric portion is identical in mineralogy and texture to the matrix of the porphyritic unit. Green (1972) suggested that the two facies may have formed by plagioclase phenocryst flotation subsequent to emplacement. The Bally Creek trachybasalt is a locally plagioclase porphyritic, intergranular, granophyric pigeonite ferrodiorite that occurs in a 30-m-thick sill north of Grand Marias (Green, 1972) . It is compositionally similar to the Leveaux porphyry (Fig. 5) but cannot be structurally connected to it. The nearly identical mineralogy, texture, and composition of the Leveaux porphyry, Bally Creek trachybasalt, and the Cabin Creek porphyritic diorite and their intrusive-stratigraphic relationship to other BBC units strongly suggest a comagmatic relationship.
In the eastern BBC, the Beaver River diabase generally has the same lithologic and structural characteristics found throughout this most extensive of BBC intrusions, though mapping is insufficient to delineate possible composite intrusions evident elsewhere. The aeromagnetic anomaly pattern, the map distribution, and the shallow attitude of rare olivine layering indicate that the diabase intrusion is a subhorizontal to slightly south-dipping sheet fed by a feeder dike along its northern margin. Abundant anorthosite inclusions are found at the southwestern end of the sheet near Tofte. The most notable of these inclusions is the 300-m-wide block that holds up Carlton Peak. Projection of the diabase east of the R3W-R2W township line (Fig. 5) is uncertain. The aeromagnetic anomaly associated with the diabase strikes due east (dashed line) to where it blends in with the positive anomaly associated with the Schroeder-Lutsen basalts. This may indicate that the diabase sheet projects beneath these basalts or that the diabase and basalts are juxtaposed by faulting. Unfortunately, exposure is lacking in this area. A thin, conformable sill of ophitic diabase that is similar to the Beaver River diabase but lacks anorthosite inclusions, forms Murphy Mountain, north of Terrace Point (Fig. 5) . At Grand Marais and on trend with the Murphy Mountain sill, ophitic diabase is found in complex contact with felsic lavas (Green, 1972 (Green, , 1982a .
PETROLOGY OF BEAVER BAY COMPLEX MAGMAS
The texture and mineralogy of most rocks comprising BBC intrusions imply that their whole rock compositions approximate the magma compositions from which they crystallized, a characteristic consistent with their hypabyssal setting.
Obvious exceptions to this are the cumulates of Sonju Lake intrusion, the Houghtaling Creek troctolite, and some Silver Bay intrusions; the plagioclase porphyritic phases of the Cabin Creek and Leveaux porphyritic diorites; and the olivine enriched portions of the Beaver River diabase. Nevertheless, the parent magma compositions of most BBC intrusions can be straightforwardly estimated from average whole rock compositions of the more homogeneous intrusions (e.g., Finland granophyre, Victor Head diabase, aphyric phase of the Leveaux porphyry, and Cabin Creek porphyritic diorite) or from the average compositions of noncumulate marginal phases of the various composite or differentiated intrusions (e.g., Lax Lake gabbro, Blesner Lake diorite, Upper Manitou River gabbro, Beaver River diabase, Silver Bay intrusions). These estimates are summarized in Table 1 . Because the picritic basal margin of the strongly differentiated Sonju Lake intrusion does not represent a liquid composition, its parent magma composition has been calculated from the weighted averages of 82 whole rock analyses profiling its 1,200-m thickness. Although the Houghtaling Creek troctolite has a marginal phase of coarse-grained, decussate olivine gabbro, its bulk composition appears to represent a mixture of magma and cumulus minerals; for example, TiO 2 < 0.5%, and Mg# > 67.
Excluding the uniquely felsic Finland granophyre, the range of BBC parent magma compositions (Table 1) is similar to the olivine tholeiite and transitional basalt compositions that dominate the NSVG (Fig. 6A) . The tightly clustered trend of BBC parent magma compositions evident on an AFM diagram (Alk-Fe-Mg; Fig. 6A ) and the systematic variation of other elemental abundances suggest that all mafic BBC magmas evolved from a common olivine tholeiitic primary magma type. (The obvious deviation of the marginal gabbro phase of the Blesner Lake diorite, bld, Fig. 6A , from the trend defined by other BBC compositions reflects the strongly altered and alkali metasomatized character of this unit.) Such a primary composition, which is approximated by the most primitive, high-Al olivine tholeiites of the NSVG (Table 1) , is thought to have given rise to most MRS magmas, especially in later stages of magmatism (Green, 1983; Miller and Weiblen, 1990; Klewin and Shirey, 1992) . That even the most primitive of the BBC intrusions, the Beaver River diabase, is significantly evolved from a primitive olivine tholeiite composition (Table 1) indicates that all BBC parent magmas were generated in turn by magmatic differentiation of such a primary composition in deeper staging chambers. Petrologic modeling of some BBC intrusions and other hypabyssal bodies that intruded the NSVG (Jerde, 1991) suggests that most magmas experienced multistage, polybaric fractionation between their extraction from the mantle and their subvolcanic emplacement. Although the presently available radiometric ages do not indicate an overlap of magmatic activity between the BBC and the Duluth Complex (Paces and Miller, 1993) , additional dates and more detailed petrologic studies may show that some Duluth Complex intrusions acted as the final levels of staging and differen-tiation of some BBC-bound magmas. Such consanguinity seems most apparent between the anorthositic series of the Duluth Complex and the porphyritic diorites of the BBC.
The intrusive-stratigraphic variations of BBC mafic rocks implies a general progression toward less evolved parental magma compositions with successively younger intrusions ( Fig. 6A; Table 1 ), a trend also recognized in the lithostratigraphic variations of NSVG compositions (Green, 1983) . Excluding granitic rocks and composite intrusions, the early intrusions of porphyritic diorite are the most evolved parental compositions (Mg# 24-32) in the BBC. Although the next cycle of mafic intrusions produced a compositionally diverse suite of gabbroic to monzodioritic rocks (Lax Lake gabbro, Blesner Lake diorite, and Upper Manitou River gabbro), initial intrusions were of less evolved gabbroic composition (Mg# 40-46). The next mafic intrusion cycle is characterized by the moderately evolved parent magma of the Sonju Lake intrusion (Mg# 49), the Victor Head diabase (Mg# 46), and perhaps the Houghtaling Creek troctolite, presuming its parental composition is similar to the Sonju Lake intrusion. The last intrusive cycle began with the intrusion of the least evolved Beaver River diabase (Mg# ~57). The significance of this compositionally inverted sequence of intrusion is probably the same as for comparable variations in the NSVG, namely, that it reflects progressively shorter crustal residence times of magmas in their passage from the mantle to the upper crust.
The variation of rock types within individual mafic intrusive units is the result of combinations of three processes-internal differentiation, assimilation, and composite intrusion. All intrusions experienced some degree of internal magmatic differentiation during crystallization, although for most, this was accomplished by bouyant migration of residual magma out of marginal solidification zones in conductively cooled bodies. This type of differentiation resulted in gradual changes in mineralogy (e.g., increased modes of Fe-Ti oxide and granophyre at the expense of mafic silicates), texture (e.g., transition from ophitic to intergranular), and composition (e.g., increases in Si, Fe, Ti, Na, K, and incompatible trace elements). These gradational changes are evident in the early gabbroic intrusions (Lax Lake gabbro, Blesner Lake diorite, and Upper Manitou River gabbro), the dikes and sills of the Beaver River diabase, and more subtly, in the early porphyritic ferrodiorite bodies and the Victor Head diabase. More extreme differentiation driven by crystal fractionation is evident in the intrusions hosting cumulate rocks-the Houghtaling Creek troctolite, the layered ferrogabbro bodies of the Silver Bay intrusions (Shank, 1989) , and, most notably, the Sonju Lake intrusion. Stratigraphic variations in cumulus mineralogy and composition through the 1-km-thick Sonju Lake intrusion indicate that strong magmatic differentiation was driven by closed-system, fractional crystallization and accumulation of cumulus minerals at the floor of the sheetlike body. Calculations of the liquid line of descent of the Sonju Lake intrusion indicate a Fenner trend of differentiation characterized by strong iron enrichment (Fig. 6B) , typical of shallow, tholeiitic mafic intrusions (Wager and Brown, 1968) . As discussed above, although the quartz ferromonzodiorite and granite of the Finland granophyre appear to have compositions consistent with their being upper differentiates of the Sonju Lake intrusion (Fig. 6B) , isotopic data and volume estimates indicate that such comagmatism is improbable.
Another source of compositional diversity within several BBC intrusive units is composite intrusions of progressively more differentiated magma compositions. Such a multiple intrusive process is implied by abrupt lithologic variations among the early gabbroic intrusions, but this phenomenon is most definitely evident with the emplacement of Silver Bay intrusions into medial portions of Beaver River diabase dikes and sheets. Although the range of rock compositions comprising the Beaver River and Silver Bay intrusive suites defines a continuum suggestive of progressive internal differentiation (Fig. 6C) , such a continuum is rarely evident when composite intrusions are viewed individually. Most contacts between ophitic olivine diabase and monzodioritic rocks of the Silver Bay intrusions are sharp and characterized by a dramatic change in texture and mineralogy and a marked compositional hiatus. For example, three stages of intrusion evident in one small outcrop area (<15 m 2 , T58N, R6W, Sec. 15) display jumps in olivine and pyroxene composition from Fo 54 / En 69 in ophitic diabase, to Fo 29 / En 57 in intergranular gabbro, to Fo 18 / En 40 in ferrodiorite. The range of compositions defined by noncumulate rocks of the various Silver Bay intrusions (SBI margin, Fig. 6C ; average composition, Table 1) implies that composite intrusions were emplaced at many different times over an extended period. Petrologic modeling (Shank, 1989; Chalokwu and Miller, 1992) demonstrates that most of the compositional continuum defined by the Beaver River-Silver Bay composite system can be accounted for by fractional crystallization (in a deeper staging chamber) of a single parent magma corresponding to the most primitive Beaver River diabase compositions (Table 1) .
A third source of compositional diversity within many BBC intrusions is assimilation of felsic melts. Most such melts appear to have been generated by anatexis of somewhat hydrated volcanic footwall rocks, although in at least one instance where Beaver River diabase intrudes the Sonju Lake intrusion (Fig. 3) , felsic melts were also derived from older, incompletely crystallized intrusions. Because of strong viscosity contrasts, assimilation of felsic melt by mafic magmas was commonly incomplete as now manifest by irregular segregations of granophyre in hydrothermally altered gabbroic to dioritic rocks. Nearly all BBC intrusions show some evidence of felsic contamination, with the most extreme example being the heterogeneous Shoepack Lake inclusion-rich diabase. Where felsic melts have been more thoroughly mixed into the mafic intrusions, it is difficult to discriminate such contributions from those generated by in situ magmatic differentiation or by composite intrusions of highly evolved magmas generated in deeper systems. For example, it is impossible to esti-mate from field relations and geochemistry how much of the granophyre forming the roof zone of the Sonju Lake intrusion was contributed by melting of the Finland granophyre versus that generated by fractional crystallization of the layered intrusion (Fig. 6B) . A different problem is posed by the strongly altered quartz ferromonzonitic rocks that grade inward from ferrodioritic to gabbroic rocks in the Lax Lake gabbro and Blesner Lake diorite (Miller, 1988; Miller et al., 1993) . Because magmatic differentiation alone cannot account for the exceptional scatter of compositions characterizing these bodies (Fig. 6D) , it is likely that much of the quartz ferromonzonite formed by infiltration of hydrous felsic melts from the volcanic footwall into the core of the body. Overall, the varied lithologies of the early gabbroic intrusions seems to reflect, most completely, the effects of all three processes that have given rise to the compositional diversity of BBC magmas.
STRUCTURAL STYLE OF EMPLACEMENT
The shapes of BBC intrusions differ noticeably over the arcuate extent of the BBC. Whereas dikelike bodies are most common in the northern BBC, a mix of dikes and sheetlike intrusions, the latter especially common among the earlier intrusions, are present in the southern and eastern areas. One explanation for this difference in intrusion shape is that the northern BBC represents a deeper level of exposure such that only the feeders to higher level sheetlike bodies are exposed. However, another possible reason for these differences may be related to the control of deeper crustal structure on the location and style of emplacement. Such a possibility is implied by geologic and geophysical evidence which indicate that a large mass of pre-Keweenawan crust lies close to the surface below the northern BBC.
In the pioneering geophysical study of western Lake Superior, White (1966) concluded that the saddle in the Bouger gravity over northeastern Minnesota (Fig. 2) represents an extension of a basement ridge that projects northward from the Bayfield Peninsula and acted as a divide to two thick basins of lava accumulation. Recently, Allen's (Allen et al., 1994) interpretation of integrated gravity, aeromagnetic, and seismic data over western Lake Superior confirmed White's conclusion that a buried crustal ridge of granitic composition lies beneath the Bayfield Peninsula, which they termed White's Ridge, and also identified a previously unrecognized block to the southwest of Isle Royale, which they termed the Grand Marais Ridge (Fig. 7) . Their study did not closely evaluate the geophysical data over northeastern Minnesota, however. On that score, Davidson (1972) , in attempting to explain the abundance of granophyre bodies in the roof zone of the Duluth Complex, speculated that the gravity saddle represented the buried projection of the granitic rocks of the Archean Giants Range batholith (Fig. 7) . Modeling gravity and magnetic data along an east-west profile transecting the southern BBC, Ferderer (1982) interpreted a shallow, low-density crustal block just offshore of Little Marais. Most recently, Chandler (1990) concluded that the saddle represents a structural thinning of Keweenawan intrusions over granitic crust, a preponderance of low-density anorthositic rock, or both. More direct geologic evidence that older crust exists at shallow to moderate depths beneath the northern BBC has been the recent discovery of migmatite, granite gneiss, amphibolite, and biotite schist inclusions in Shoepack Lake inclusion-rich diorite occurring in the Wanless area ( Fig. 4 ; Boerboom, 1994; Boerboom and Miller, 1994) . We conclude, therefore, that not only is a basement ridge, most likely the southeastern extension of the Giants Range batholith, the probable cause of the northwest-trending gravity minimum, but also suggest that this feature exerted significant structural control on the focus of both volcanic and intrusive activity in northeastern Minnesota. We term this crustal structure the Schroeder-Forest Center crustal ridge (S-FC, Fig. 7) . It is interesting to note that this structural feature may have also affected Early Proterozoic geology as evidenced by the thinning of the Biwabik and Gunflint iron-formations toward their truncation by the Duluth Complex ( Fig. 7 ; Morey, 1972a, b) .
Several lines of evidence confirm White's (1966) conclusion that a basement high separated the accumulation of the many NSVG lava flows into two basins or at least into an asymmetric one. Although the gentle, arcing dips of lava flows exposed along the North Shore seem to define a single, saucer-shaped basinal structure, the volcanic sequences forming the northeastern and southwestern limbs of the NSVG basin (Fig. 1A) do not obviously correlate, especially where the sequence crosses the BBC (Green, 1972 (Green, , 1983 . Our detailed mapping confirms that the volcanic stratigraphy cannot be directly traced across the BBC. Grout et al. (1959) noted that the number of flows in the southwestern limb is more than three times the number in the northeastern limb. Moreover, cumulative thickness estimates of NSVG flows lying between two major time boundaries-(1) the major normal-reverse magnetic polarity reversal below, and (2) the unconformity with the Schroeder-Lutsen basalts above (Fig. 1A) -indicates that the southwestern segment is at least twice the thickness of the northeastern segment (Green, 1972) . Jirsa (1984) documented an increased occurrence of interflow conglomerate and sandstone units between Lutsen and Silver Bay, which he attributed to moderate to locally significant relief during volcanism. Felsic volcanic rocks, perhaps indicative of crustal melting or diminished magmatic activity, are notably abundant in the area overlying the proposed crustal ridge in the northern BBC Boerboom and Miller, 1994) .
Geologic and geophysical evidence also suggest that the Schroeder-Forest Center crustal ridge had a strong effect on the form and distribution of BBC intrusions, mainly by deflecting magmatism into two intrusive "basins." The narrow focusing of northeast-trending dikes in the northern BBC suggests that repeated magma intrusions followed the same narrow conduit through the lower crust. This conduit may mark the abrupt southeastern margin of the proposed crustal ridge or perhaps may follow an early formed and often-used fault through the ridge (Figs. 7, 8B). The aeromagnetic anomaly map of the area (Fig. 2) shows that the narrow anomalies associated with the northern BBC dikes merge into two broad areas of cusped anomaly patterns to the northeast and southwest. These magnetic anomalies correspond to two Bouger gravity highs of greater than 50 milligals (Fig. 2) . The northern anomaly area is known to contain thick mafic intrusions and granophyre (Davidson, 1972; Green, 1982a) , but the details of the geology and the relationship of these intrusive bodies to the BBC and Duluth Complex are poorly understood.
Beaver Bay Complex, northeastern Minnesota 89 Figure 7 . Keweenawan geology and tectonic interpretation the western Lake Superior region showing the extent of the Portage Lake volcanic basin (modified after Allen et al., 1994) . Heavy hatched lines denote growth fault boundaries of the Portage Lake volcanic basin with length of hatchures indicating relative amounts of displacement. Note that the throw on the Finland tectono-magmatic discontinuity (FTMD) is considerably less than on the Keweenawan and Isle Royale structures and that a component of strike-slip is probable along the southeast-trending extensions of the discontinuity. The positioning of White's ridge and Grand Marais crustal blocks are based on modelling of aeromagnetic, gravity, and seismic data by Allen et al. (1994) . The heavy upper contours of these crustal blocks represent areas of no volcanic rock cover. The position and form of the Schroeder-Forest Center crustal ridge (S-FC) is schematically inferred from gravity and geologic data presented in this report. The significance of the positions of the Archean Giants Range batholith and the Lower Proterozoic Biwabik and Gunflint iron-formations are discussed in the text.
Gravity and magnetic modeling over the southern anomaly area, of which the southern BBC forms the eastern flank, indicate that mafic intrusive rocks extend to depths of between 10 km (White, 1966) and 20 km (Ferderer, 1982) . Strategic shallow bedrock drilling in the unexposed area of the southern anomalies (Meints et al., 1993) indicates that, at the surface, the area is composed of a nested layered complex of sheetlike mafic intrusions and lensoidal granophyre bodies, termed the Cloquet Lake layered series (Figs. 2, 8A ). Within this layered series, the anomaly patterns indicate that successively younger intrusions were emplaced above and east of previous intrusions (Fig. 8) . The nested mode of emplacement implied by the Cloquet Lake layered series is also evident in southern BBC intrusions, which occupy the eastern flank of the southern anomaly. The Sonju Lake intrusion appears to have separated the Lax Lake gabbro and Finland granophyre from similar rocks now forming its northern footwall and from unexposed rocks to the west (Figs. 3, 8A ). Subsequently and farther east, the Beaver River diabase and its composite Silver Bay intrusions truncated the eastern extension of the Sonju Lake intrusion and displaced the Blesner Lake diorite from the Lax Lake gabbro.
With the possible exception of the Houghtaling Creek troctolite, an eastward migration of intrusion is also evident in the dikes of the northern BBC though over a more narrow width (Figs. 4, 8B) . The aeromagnetic anomaly associated with the Houghtaling Creek troctolite appears to either merge into the Figure 1A . The tops of the cross sections portray the paleosurfaces at the time of Schroeder-Lutsen basalt/Beaver River diabase magmatism (~1,096 Ma). The dashed lines indicate the approximate present erosion levels, but do not take into account the effects of post-magmatic faulting.
lower section of the Cloquet Lake layered series or be cut by it (Fig. 2) . If either case were true, this would argue for the Houghtaling Creek being older than the early gabbroic intrusions. On the other hand, this appearance of vergence may instead reflect continuity between Cloquet Lake layered series and the older gabbroic intrusions (Dam Five Lake gabbronorite, Wilson Lake ferrogabbro), which the Houghtaling Creek troctolite intrudes. Moreover, the anomaly of the troctolite does not seem to be affected by the northwest-trending intrusions of the Upper Manitou River gabbro (Figs. 2, 4) , which might be expected were the gabbro younger than the troctolite. And as mentioned previously, the composition and internal structure of the Houghtaling Creek troctolite is more consistent with its being correlative with the Sonju Lake intrusion. Age dating may resolve this problem.
The eastward and up-section migration of successive BBC intrusions (Fig. 8) has several important implications for the tectonic evolution of the BBC and the MRS. The shift in the focus of intrusion toward the rift axis may indicate a shift in the location of the mantle source or deep crustal staging chambers feeding the BBC or, more likely, it is a consequence of plate separation over a fixed source of magma. Similarly, the emplacement of sheetlike BBC intrusions into progressively higher levels of the volcanic pile can be explained in a couple of ways. Assuming that depth of emplacement is controlled by the level at which hydrostatic equilibrium is attained (Bradley, 1965) , migration-up stratigraphy could be attributable to the lower density of successively more primitive magmas or may represent magma ponding at a constant depth in a continuously thickening volcanic pile. A complicating factor to evaluating the controlling process on the depth of emplacement is the inhomogeneity of the volcanic country rock. Given that many sheet intrusions were emplaced beneath felsic lava flows or, in the case of the Sonju Lake intrusion, a granophyre body, the volcanic stratigraphy appears to exert significant local control within a more general depth range of approximate hydrostatic equilibrium.
TECTONIC SIGNIFICANCE OF THE BEAVER BAY COMPLEX
Within the last decade, acquisition of deep seismic reflection data across Lake Superior, radiogenic isotope data, and high-resolution U-Pb ages of Keweenawan volcanic and intrusive rocks have greatly improved our understanding of the tectono-magmatic evolution of the MRS. The general geodynamic model emerging from this new database (Cannon, 1992) concludes that the MRS is a plume-generated intracontinental rift that evolved in several stages. Early stages of volcanic activity between 1,109 and about 1,100 Ma were characterized by slow to moderate rates of flood basalt volcanism into broad, gently subsiding basins. Isotopic data suggest that basaltic magmas were formed from mixtures of plume and lithospheric mantle melts (Klewin and Shirey, 1992; Nicholson and Shirey, 1990) . Beginning with the emplacement of the main phase of the Duluth Complex at 1,099 Ma, the rates of intrusion/eruption and rift subsidence dramatically increased and, throughout most of the MRS, volcanism became focused into central asymmetric grabens. Magmas generated during this main stage of igneous activity were derived from high degrees of melting from an undepleted mantle plume (Paces and Bell, 1989; Nicholson and Shirey, 1990) . In the western Lake Superior region, this phase of volcanic activity is represented by the Portage Lake Volcanics (Davis and Paces, 1990) . Around 1,094 Ma, volcanic activity began to wane and eventually ceased by 1,086 Ma. Continued subsidence with the thermal collapse of the mantle plume resulted in the rift becoming infilled by fluvial and lacustrine sediment that locally reached thicknesses of 8 km. The final phase of MRS tectonism involved the creation of a central horst throughout most of the rift by reverse motion along originally normal, graben-bounding faults, with as much as 10 km of vertical displacement. The cause of this horizontal maximum principal compressive stress has been attributed to the increased influence of Grenvillian tectonics with the waning of dilational stresses imparted by the mantle plume (Cannon and Hinze, 1992) .
Within this geodynamic model, the 1,096-Ma ages recently determined for both the Sonju Lake intrusion (1,096.1 ± 0.8) and a Silver Bay intrusion (1,095.8 ± 1.2, Paces and Miller, 1993) indicate that most BBC intrusive activity was contemporaneous with the period of prolific volcanism and graben formation in the western Lake Superior region of the rift. Davis and Paces (1990) acquired a similar age (1,096.2 ± 1.8 Ma) from a basaltic flow near the base of the nearly 5-km-thick section of Portage Lake Volcanics exposed on the Keweenaw Peninsula of Michigan (Fig. 7) . Our interpretations of seismic reflection profiles across western Lake Superior (GLIMPCE line C, Cannon et al., 1989; Grant-Norpac lines 57, 53, 47, 45, and 43 , unpublished data) agree with others (Thompson et al., 1990; Allen et al., 1994) that the base of the Portage Lake Volcanics correlates with the top of the NSVG in Minnesota, specifically the Schroeder-Lusten basalts. Such a correlation is consistent with the predominance of olivine tholeiite basalts in both sequences. Moreover, the local development of an angular unconformity at the base of the Schroeder-Lutsen basalts lends further support to the hypothesis that the Portage Lake Volcanics represents a major change in the geodynamic evolution of the MRS by the onset of rapid graben formation (Cannon, 1992) . The existence of an unconformity at the base of the Portage Lake Volcanics has not been recognized elsewhere because the sequence is truncated against the Keweenaw and Isle Royale faults (Fig. 7) . This stratigraphic correlation of volcanic units implies that the emplacement of the BBC was contemporaneous with the formation of the Schroeder-Lutsten basalts. Indeed, the composition, composite nature, and volume of the Beaver River diabase provide consistent evidence that at least this extensive intrusive component of the BBC contributed to the rapid volcanic infilling and associated structural subsidence of the Portage Lake volcanic basin during the main stage of rifting. Figure 9 shows that the geochemical variability of the Portage Lake Volcanics (Paces, 1988) is very similar to that defined by the few analyses of Schroeder-Lutsen basalts (Green, 1986) . Moreover, the span of compositions defined by the Beaver River diabase and its composite intrusions fall within the same range and with generally the same trace element pattern. Because similar geochemical characteristics are shared by most Keweenawan tholeiitic mafic rocks, however, the compositional similarities of the Portage Lake Volcanics, the Schroeder-Lutsen basalts, and the Beaver River diabase allow, but do not prove, a comagmatic relationship.
Another aspect of the Beaver River diabase consistent with its acting as a conduit to surface volcanics is its multiple intrusive history. The three composite intrusions identified in the eastern dike of the Beaver River diabase of the northern BBC (Fig. 4) are distinguished by obvious breaks in rock type. However, many more subtle changes in texture, mode, and mineralogy are evident within the body that probably indicate numerous magma intrusions with only minor compositional differences between successive pulses. Petrologic modeling indicates that the parental magmas of the Silver Bay composite intrusions in the southern BBC (Figs. 4) could have been derived from further differentia- Figure 9 . Incompatible trace element spidergrams comparing the chondrite-normalized compositions of (A) Portage Lake Volcanics (Paces, 1988) ; (B) Schroeder-Lutsen basalts (Green, 1986) ; (C) ophitic olivine diabase forming the margins of Beaver River diabase intrusions, and (D) various rock types from differentiated interiors of Beaver River diabase intrusions and from composite intrusions. The maximum, minimum, and average abundances of the Portage Lake Volcanic compositions are noted by dashed lines in plots B-D. All analyses normalized to C1 chondrite compositions (Sun and McDonough, 1989) . Many data sets are incomplete and were derived from various laboratories by various methods. tion of primitive Beaver River diabase magma in deeper staging chambers (Shank, 1989; Chalokwu and Miller, 1992) . The broad compositional range defined by these many composite bodies (Fig. 6C) suggests that their emplacement occurred in multiple events over a protracted period of time.
Finally, the large volume of magma that created the extensive dikes and sill system of the Beaver River diabase, which is more than 100 km in length, is consistent with the increased volume of volcanism represented by the Portage Lake Volcanics (Davis and Paces, 1990; Cannon, 1992) . Not knowing the amount of diabase at depth nor that eroded away, the total volume of rock forming the Beaver River diabase cannot be reasonably estimated. However, given the presence of many large anorthosite xenoliths of deep crustal origin, feeder dikes as much as several hundred meters wide must have existed to mid-or lower-crustal depths at some point in their intrusive history. If the dikes indeed vented to the surface, any such volume calculation would grossly underestimate the actual volume of magma that passed through the Beaver River diabase dikes since mafic dikes tend to collapse as magma pressure decreases (Shaw, 1980; Gudmundsson, 1990) . Although many welldelineated dikes are considerably less than a few hundred meters across, incomplete exposure and uncertainties about the attitude and width of some diabase intrusions preclude a determination of whether all dikes are presently too narrow to have accommodated the larger anorthosite xenoliths. Nevertheless, it seems likely that very large volumes of magma were involved in the creation of the Beaver River diabase system.
Certain aspects and explanations of the structural style of magma emplacement are also congruous with the BBC being related to the development and infilling of a rapidly subsiding, axial rift basin. The apparent eastward migration in the focus of intrusion (Fig. 8 ) is in line with migration of volcanic activity into a more centrally located basin during the main phase of rift volcanism. Also, the interpretation that the upward migration of successive sheet intrusions (Fig. 8) represents emplacement at near constant depths in an ever-thickening volcanic pile is consistent with high rates of eruption and rapid subsidence that characterized the main stage of rift volcanism (Cannon, 1992) . Finally, the fact that the arcuate pattern of the BBC and especially the Beaver River diabase (Fig. 1A) completely encircles the exposure area of the Schroeder-Lusten basalts is consistent with the BBC defining the structural edge of the basin into which the volcanics accumulated (Fig. 8) .
The most convincing evidence that the BBC, particularly, the Beaver River diabase, acted as a basin-bounding, lavasupplying system is the rift-parallel normal faulting that attended the emplacement of the diabase dikes and sheets. The orientations of volcanic sequences intruded by the Beaver River diabase indicate that dike and sheet emplacement was accommodated by complex block faulting and rotation of the volcanic country rock on a local and regional scale. The most pronounced and obvious fault displacement is associated with the arcuate diabase dike (locally dike set) that bounds the western and northern extent of the Beaver River diabase and runs the entire length of the BBC (Figs. 1-5 ). This structure, termed the Finland tectono-magmatic discontinuity or FTMD , is easily recognizable on aeromagnetic images of the BBC because it truncates the anomaly patterns of many earlier intrusions (Fig. 2) .
The sense of displacement across the FTMD is clearly downdrop of the east (rift) side, but the amount of throw seems to vary along its length. Near the southern end of the FTMD, the offset of a distinctive plagioclase-porphyritic basalt flow (Fig. 3) implies a vertical displacement of 1.5 ± 0.3 km. Farther north, the presumed correlation of the Lax Lake gabbro and Blesner Lake diorite implies vertical displacement in the range of 2.5-6.5 km based on 15-18 km of apparent horizontal offset across the FTMD and assuming the bodies have sheetlike forms that conform with the shallow (10-20°) southern dips of their bounding volcanic rocks (Fig. 3) . This correlation and sense of displacement predicts, however, that the Finland granophyre and Sonju Lake intrusion should occur downsection (north) of the Blesner Lake diorite on the southeast side of the FTMD. The consistently southern dip of all structural features in the Blesner Lake diorite and the volcanics north and south of it, preclude the possibility that the lack of the granophyre and layered intrusion exposure is due to a flattening out or reversal of the regional structure. It is possible, however, that the Finland granophyre pinches out dramatically east of the FTMD or that it remains largely buried beneath the Blesner Lake diorite. A small mass of granophyre intruding the Blesner Lake diorite 3-4 km east of the FTMD (Fig. 3) may represent an apophysis of such a buried body. However, the persistent thickness and east-west strike of well-layered cumulate rocks adjacent to the FTMD indicates that a rapid thinning of the Sonju Lake intrusion is unlikely. The only hint of Sonju Lake cumulates north of the Blesner Lake diorite is a south-dipping sequence of welllaminated apatitic olivine ferrodiorite cumulates that occur along the north margin of the Blesner Lake diorite (Figs. 3, 4) . Assuming these units are correlative implies a vertical displacement on the FTMD of about 1.5-2 km and requires not only that Finland granophyre abruptly pinches out, but also that a major northwest-oriented fault zone cuts out the lower sequence of the layered intrusion (Fig. 4) . The rare occurrence of a west-northwest-trending Beaver River diabase dike where such an unexposed fault zone should exist suggests that the structure was an accommodation zone to the emplacement of the two main north-northeast-trending diabase dikes (Figs. 3,  4) . In the northern BBC, a normal sense of displacement across the FTMD is implied by the translation of the Cabin Creek porphyritic diorite and the Upper Manitou River gabbro, though the amount of throw is difficult to estimate because of the uncertain shape of these bodies. Volcanic units do not obviously correlative across either arm of the Beaver River diabase in northern BBC suggesting a significant but unknown amount of displacement.
We conclude that the BBC played a significant, and heretofore unrecognized, role in the tectono-magmatic evolution of the MRS in the western Lake Superior region. The eastward progression of successive BBC intrusions culminating with the emplacement of the extensive Beaver River diabase system is consistent with current tectonic models suggesting that the main stage of rift volcanism became focussed into central basins bounded by growth faults. Evidence that the Isle Royale and Keweenaw faults were the main growth faults of the Portage Lake volcanic basin is indicated in seismic profiles by a dramatic thinning of the Portage Lake Volcanics sequences outboard of these faults (Cannon et al, 1989; Allen et al., 1994) . However, it must now be recognized that the Beaver River diabase system and its FTMD structure played a similar, albeit less prominent role as a growth fault at the western end of the Portage Lake volcanic basin (Fig. 7) . Unlike the Isle Royale and Keweenaw structures, however, the FTMD did not experience later reverse motion, thereby preserving evidence of its role as a magma conduit to surface lavas.
Recognizing the FTMD as the western structural boundary of the Portage Lake volcanic basin fits well with the Allen et al. (1994) model of the MRS in western Lake Superior area. Based on interpretations of gravity, aeromagnetic, and seismic data, Allen and coworkers identified two large, isolated blocks of pre-Keweenawan crust, one situated beneath the Bayfield Peninsula (White's ridge) and the other southwest of Isle Royale (Grand Marais ridge), that strongly control the shape of the Portage Lake volcanic basin (Fig. 7) . Their model shows that the main rift axis centered between the Keweenaw Peninsula and Isle Royale, which they termed the Lake Superior syncline, curves around the Grand Marais ridge to the northwest where it projects into the cusp of the FTMD. At its deepest, they estimate that the graben structure is filled with 18 km of volcanics, both Portage Lake Volcanics and older flows, and 9 km of sedimentary rocks (mostly Oronto Group). The volcanics pinch out against the two crustal ridges and are absent over some areas of both. White's ridge divides the Portage Lake volcanic basin from another deep trough to the southwest (the Ashland syncline), which hosts the Chengwatana Volcanic Group. The position of the Schroeder-Forest Center ridge, which Allen et al. (1994) did not recognize, apparently controlled the northwestern extent of the basin. If principal tensional stresses were oriented northwest-southeast, displacement along the FTMD where it scissors into the White's and Grand Marais ridges would be expected to be oblique, if not strike-slip. This configuration greatly expands earlier estimates of the size of the Portage Lake volcanic basin and the volume of magma that filled it (e.g., Davis and Paces, 1990) .
The buried crustal blocks identified by Allen et al. (1994) may also explain the FTMD's escape from the reversed motion, which reactivated the Keweenaw and Isle Royale growth faults and created a central horst along most of the MRS. Allen et al. (1994) concluded from investigations of gravity data and seismic profiles that the main reverse faults bounding the northwest side of the central horst, the Isle Royale and Douglas (Fig. 7) , are deflected and terminated along the southeast sides of these crustal blocks. Although this contradicts the Cannon et al. (1989) interpretation that the Douglas fault continues as far northeast as the implied position of the Grand Marais ridge (Fig. 7) , Allen et al. (1994) had the benefit of a more complete network of seismic profiles covering the western Lake Superior area. As shown in Figures 3, 4 , and 5, many northeast-trending faults cutting all units occur along the North Shore, however, these are as commonly normal as reverse (Witthuhn, this volume) . One reverse fault of potentially significant displacement is implied by the occurrence of Leveaux porphyry on two islands just offshore of Schroeder (Fig. 5) . Although Green (1992) suggests that the Leveaux cuts at a low angle through the Schroeder-Lutsen basalts, a 15-20°southeast dip of plagioclase lamination (Green, 1982a) implies that the sill must project beneath the basalt and therefore must be upthrust against them at Bear and Gull Islands. In any case, no reverse faults are recognized in northeastern Minnesota more than a few kilometers from the shoreline.
